1. Introduction {#sec1}
===============

Yellowfin tuna (YFT, *Thunnus albacares*) is a large epipelagic, cosmopolitan species found mainly in the tropical and subtropical oceanic waters of the three major oceans, including the Indian Ocean, where it forms large groups (schools). Sri Lanka is one of the oldest and most important YFT producing nations in the Indian Ocean, accounting for 39,600 t in 2016 ([@bib25]; [@bib13]). The stock structure of the Indian Ocean YFT is assumed to consist of two major (western and eastern) and two minor (far western and far eastern) populations ([@bib27]). YFT are predominantly caught by purse seines, long lines, gillnets, handlines, poles, and lines ([@bib24]). This species is one of the major targets of the industrial fisheries in the Indian Ocean and hence it is necessary for them to comply with national and international standards regarding public health concerns ([@bib17]).

YFT is a top predatory, slow-growing, long-lived migratory fish species in the marine food web; they are often used to biomonitor nonessential trace metals such as mercury (Hg) and cadmium (Cd) in the marine environment ([@bib8]; [@bib31]). These metals enter the marine environment due to natural (weathering and meteorization of rocks, degasification of the earth\'s crust, terrestrial sources, and volcanism) and anthropogenic activities (mining, fossil fuel burning, industrial and agriculture activities) ([@bib29]). There are a number of intrinsic factors (size, sex, migratory pattern, origin) and extrinsic factors (salinity, water temperature, catching location, etc.) that can contribute to elevated levels of toxic metals in the fish ([@bib26]). YFT have high metabolic rates and thus they consume a high volume of food, which results in a high load of pollutant accumulation ([@bib32]). In many aspects, the Indian Ocean has unique characteristics than other tuna harvested oceans. Further, the surface waters of the northern Indian Ocean are extremely productive and have a complex bathymetry; dividing the Indian Ocean into various separate basins creates a pronounced oceanographical asymmetry, unrivaled by the other oceans ([@bib30]).

The Government Agency for Toxic Substances and Disease Registry of the United States ranked Hg as the 3^rd^ substance on their substance\'s priority list in 2017 and the World Health Organization categorized Hg as one of the top ten chemicals or groups of chemicals of major public health concern ([@bib3]; [@bib34]). Moreover, ATSDR categorized Cd as number seven on that list and the International Agency for Research on Cancer (IARC) categorized Cd and its compounds as human group 1 carcinogens ([@bib16]). Ingestion is one of the major routes for human exposure to Hg and Cd and several health risks have been reported such as neurotoxicity disorders, delayed fetal and brain development, stomach irritation, vomiting, and diarrhea while long-term exposure causes kidney diseases, cancer, and fragility at birth ([@bib26]; [@bib11]).

Although fish is a very good source of beneficial high-quality proteins, minerals and omega-3 polyunsaturated fatty acids ([@bib28]), contaminated fish are a major route of human exposure to nonessential trace metals, especially Hg ([@bib19]; [@bib12]; [@bib6]). Moreover, fish represent a powerful model for risk-benefit analysis ([@bib5]). There are a number of studies on the Hg and Cd levels in YFT and their relationship to body size ([@bib17]; [@bib23]). Further, few studies have been reported on the Hg and Cd levels of yellowfin tuna in different places in the Indian Ocean such as the Western Indian Ocean ([@bib9]; [@bib21]) and the Southern Indian Ocean ([@bib33]). Moreover, some studies have revealed the THg concentration in yellowfin tuna samples collected from Sri Lankan fishery harbors, fish processing factories and the market ([@bib17], [@bib20]). However, no literature is available about the THg and Cd levels and their association with the capture location in the fish catching grounds in the Indian Ocean around Sri Lanka.

In this study, we analyzed the total mercury (THg) and Cd levels in the muscle tissues of YFT caught in two YFT fishing grounds in the Indian Ocean around Sri Lanka and evaluated their relationship with capture location and body size (length and weight).

2. Materials and methods {#sec2}
========================

2.1. Sample collection {#sec2.1}
----------------------

The YFT were collected from a commercial seafood exporter. Their catching location was taken from the fisheries logbook and the data were confirmed with a satellite-based vessel monitoring system (VMS). The coordinates were fed into Google map software to identify the fish catching ground. The length-weight data were measured, and 100 g of an edible muscular sample was taken from each fish and transported to the laboratory under chilled conditions and frozen at −20 °C until further analysis.

2.2. Sample preparation {#sec2.2}
-----------------------

Before use, all glassware and polypropylene containers were soaked for 24 hrs in 10% HNO~3~ and washed several times with deionized water and dried.

The samples were thawed in the refrigerator (4 °C) overnight, skin and inedible parts were removed, and each sample was homogenized in a domestic food blender and digested with 10 mL conc. HNO~3~ in closed vessels in a microwave accelerated system (CEM, Mars 6, USA) using the following microwave program: pressure, 800 psi; ramp time, 15 min; temperature, 200 °C; holding time, 10 min; maximum power, 800 W. After cooling, the residues were transferred to a 50 mL flask and diluted with deionized water. Reagent blank and quality control samples were prepared in the same manner and all samples were treated in duplicate.

2.3. Sample analysis {#sec2.3}
--------------------

Samples were analyzed using an Atomic absorption Spectrophotometer (Varian 240 FS, Mulgrave, Australia). THg was analyzed using the cold vapor generation accessory (Varian VGA-77) and Cd was analyzed with the support of a graphite tube atomizer (Varian GTA-120). Standard solutions were prepared from 1000 mg/L stock solutions (Fluka, Switzerland) with appropriate dilution. All of the instrumental parameters were set according to the manufacturer\'s recommended procedure.

Duplicate sample analysis and certified Quality Control Samples (CQM) were used to verify the analytical method. Canned fish offal, T/07243, and canned crab meat, T/07279QC from the Food Analysis Performance Assessment Scheme, FAPAS, Sand Hutton, York, UK were used, and the results are given in [Table 1](#tbl1){ref-type="table"}. The Limit of Quantification (LOQ) was 0.07 mg/kg and 0.006 mg/kg wet weight for THg and Cd, respectively. In the THg and Cd analysis, the precision is expressed as the relative standard deviation of three replicate samples and the value was maintained at less than 10%.Table 1Obtained ±SD and certified concentrations (μg/kg, wet weight) in certified quality control materials (CQM).Table 1CQMTHgCdT/07243Certified707 (469--946)800 (535--1065)Obtained722.55 ± 50.58782.40 ± 70.41T/07279Certified106 (59--152)7.55 (5.76--9.33)[∗](#tbl1fnlowast){ref-type="table-fn"}Obtained107.48 ± 6.457.40 ± 0.59[∗](#tbl1fnlowast){ref-type="table-fn"}[^1]

2.4. Statistical analysis {#sec2.4}
-------------------------

SPSS 17 and curve expert 1.4 software were used for statistical analysis. Linear regression analysis and Pearson correlation coefficients were applied to measure the correlation between THg and Cd content with the length and weight of SF. The metal content among the different locations was found using one-way analysis of variance (ANOVA) followed by Levene\'s test.

3. Results and discussion {#sec3}
=========================

The accuracy of the capture coordinates (latitude and longitude) were assessed using a satellite-based vessel monitoring system (VMS) and the two main yellowfin tuna catching areas were identified as the Bay of Bengal area and the South West Indian Ocean area ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Locations of sampling; B-Bay of Bengal Sea area, SW-South West Indian Ocean area.Fig. 1

Eighteen samples from the Bay of Bengal sea area and 47 samples from the South Western Indian Ocean area were collected for the study. The characteristics of morphological data of the YFT from both ocean areas are presented in [Table 2](#tbl2){ref-type="table"}. The average length and weight of YFT from the Bay of Bengal area (134 cm and 50.9 kg) were larger than the South West Indian Ocean area (120 cm and 43.9 kg), but the difference was not found to be statistically significant (*p* \> 0.05).Table 2Sample number, weight (kg), length (cm) of YFT and THg (mg/kg) and Cd (mg/kg) on a wet weight basis. The last column shows the results from one-way ANOVA tests on the differences between the fish from the Bay of Bengal and the South West Indian oceans.Table 2ParameterBay of BengalSW Indian OceanBoth areasComparison by site (*p*-value)Number of samples184765Weight (kg)50.9 ± 16.543.9 ± 12.445.9 ± 13.9*p* \> 0.05(32.0--91.6)(25.5--76.7)(25.5--91.6)Length (cm)134 ± 30120 ± 34124 ± 33*p* \> 0.05(68--170)(64--180)(64--180)THg (mg/kg)0.49 ± 0.330.47 ± 0.370.48 ± 0.35*p* \> 0.05(ND-1.35)(ND-1.60)(ND-1.60)Cd (mg/kg)0.012 ± 0.0080.019 ± 0.0270.017 ± 0.024*p* \> 0.05(ND-0.033)(ND-0.134)(ND-0.134)[^2]

The THg and Cd concentration in the dorsal white muscle of YFT was analyzed in the present study, since this tissue will provide the most accurate and robust estimate for the whole fish ([@bib4]) and it represents the portion that is used for human consumption ([@bib26]).

The average and range of THg and Cd levels on a wet weight basis of the YFT samples are shown in [Table 2](#tbl2){ref-type="table"}. Mercury was detected in 60 samples but in the others the THg was below the detection limit (0.07 mg/kg). In the Bay of Bengal area, THg varied from ND-1.35 mg/kg (average THg, 0.49 ± 0.33 mg/kg), while in the South West Indian Ocean area the THg concentration varied from ND-1.60 mg/kg (average THg, 0.47 ± 0.37 mg/kg). The results revealed that the THg concentration was not significantly different (p \> 0.05) between the sampling areas.

The THg concentration in the YFT indicated that the fish samples contained a high amount of THg in their muscle tissues. At the same time, a higher value for the coefficient of variation, 74.33%, indicates a higher variability, suggesting that many individuals have low levels of THg. The concentration of THg in the muscle of YFT for most of the individuals was below the permissible intake level, 1 mg/kg, as established by the European Commission Regulation 1881/2006. Among the analyzed samples, 5 individuals (7.7%) exceeded the 1 mg/kg value, 23 individuals (35.4%) were contaminated at 0.50--1.00 mg/kg, and only 19 individuals (29.2%) were below 0.25 mg/kg. A comparison of the THg values in YFT found in the present study with those found in the literature for the same species showed they were consistent, as demonstrated in [Table 3](#tbl3){ref-type="table"}.Table 3Comparison of the mean/range of THg (mg/kg) and sample information for YFT in the present study in comparison to other studies.Table 3OriginnLength or weightTHg range (mg/kg)THg, mg/kg (Mean ± SD)ReferenceAtlantic Ocean1396--145 cm0.166--0.531\_[@bib7]Gulf of California1559--136 cm\<DL-0.230.03 ± 0.06[@bib15]Pacific Ocean (Baja California Sur)6854.6--94.2 cm_0.51 ± 0.33[@bib29]Pacific Ocean (Equatorial zone)20061.4--145.9 cm_0.98 ± 0.68[@bib29]Indian Ocean1097.07 ± 2.32 cm_0.245 ± 0.055[@bib26]South Atlantic Ocean1429.0--50.8 kg0.45--1.520.77[@bib10]western-central Indian Ocean5133 ± 13 cm_0.375 ± 0.166[@bib9]Ecuador4474--163 cm0.005--6.01.4 ± 1.3[@bib2]Indian Ocean14064--173 cm\<0.07--0.980.30 ± 0.18[@bib17]Oman346_0.01--0.5700.0326 ± 0.087[@bib1]Italy61_0.254--0.4300.35[@bib14]Indian Ocean (Mozambique Channel)2022 kg_0.13 ± 0.09[@bib22]Indian Ocean (Reunion Island)1924 kg_0.21 ± 0.15[@bib22]Indian Ocean6564--180 cm\<0.07--1.600.48 ± 0.35This study(Bay of Bengal and South West Indian oceans)[^3]

In regard to the Cd level, no significant difference between the two catching areas was observed (*p* \> 0.05). The mean Cd concentration found in fish from the Bay of Bengal area was 0.012 ± 0.08 mg/kg while the value for the other (South West Indian Ocean) area was 0.019 ± 0.027 mg/kg. [Table 2](#tbl2){ref-type="table"} shows the Cd content of the YFT muscle samples. Only 2 samples (3.1%) exceeded the European Commission regulation limit for Cd in YFT (0.1 mg/kg). In general, the Cd concentration in YFT in our study was similar to or lower than the other studies conducted on fish caught in the same area; it was \<0.001--0.09 mg/kg in the study of [@bib17]. The range was 0.25 ± 0.21 mg/kg (d/w basis) in the Mozambique Channel (Indian Ocean) and 0.23 ± 0.20 mg/kg (d/w basis) in a study considering Reunion Island (Indian Ocean) carried out by [@bib22]. [@bib2] reported an average value of 2.4 ± 5.1 mg/kg Cd (w/w basis) for YFT captured along the Ecuadorian coast. This concentration is nearly 14 times higher than our values.

The correlations for the THg-length, Cd-length, and Cd-weight were weakly associated. However, a comparatively strong positive correlation was observed between the THg concentration and the weight of the fish. The linear fit model equations y = a+bx (a = 1.95E-001 and b = 6.08E-003) showed a 0.25 correlation between the two parameters ([Fig. 2](#fig2){ref-type="fig"}). In a similar study by [@bib10], they found a strong positive correlation (r = 0.79) between the weight and THg concentration of YFT. However, they only studied 14 samples. Similar results were found by [@bib18] who analyzed 140 YFT samples from the Indian Ocean around Sri Lanka and reported correlations of 0.53 and 0.41 for weight and length, respectively. The bioaccumulation of nonessential trace metals such as Hg and Cd depends on a number of variables. Most probably, large individual variations can be observed within species-location subgroups ([@bib22]). Furthermore, [@bib22] observed that the Cd level did not correlate with the fish length for YFT and the common Dolphin fish.Fig. 2Relationship between THg (mg/kg) concentration and the weight (kg) of YFT.Fig. 2

4. Conclusion {#sec4}
=============

The results revealed that the YFT collected from two areas of the Indian Ocean near Sri Lanka considered for this study did not differ significantly in THg and Cd levels. A comparatively strong positive correlation was observed between the THg concentration and the weight of the fish. However, there was no clear relationship between the concentration of Cd and fish size. Furthermore, we can conclude that YFT from these two areas comply with the European Commission maximum allowable limits for Cd and Hg and that fewer than 10% of the samples exceeded the European Commission regulatory limits for Hg (1 mg/kg) and Cd (0.01 mg/kg).
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[^1]: mg/kg, SD -- standard deviation.

[^2]: The values are given as the mean ± SD (range), LOQ for Hg; 0.07 and Cd; 0.006 mg/kg, w/w.

[^3]: SD -- standard deviation.
